Incomplete forebrain ischemia of 15-min dura tion was induced in rats made hyperglycemic or moder ately hypoglycemic prior to ischemia. Tissue CO2 ten sion, CO2 content, labile tissue metabolites, and extracel lular pH (pHe) were measured, and intracellular pH (pH) was derived by calculation on the assumption that cere bral intracellular fluids can be lumped into one space. In hypoglycemic animals, mean tissue lactatc content in creased from 2 to 10 J.1mol g-I. Tissue CO2 content was virtually unchanged and the CO2 tension increased from �50 to � 145 mm Hg. In hypcrglycemic animals, tissue lactate content rose to 20 J.1mol g -I, and the CO2 content decreased by 25%, demonstrating that some CO2 was lost to the blood supplied by the remaining perfusion. Ac cordingly, tissue CO2 tension did not rise above 200 mm Hg. pHe was reduced in proportion to the amount of lac tate accumulated, the values obtained in hypo-and hy perglycemic animals showing relatively little scatter (6.76 ± 0.03 and 6.25 ± 0.04, respectively). In hypoglycemic
animals the extracellular HCO"3 concentration was vir tually unchanged, demonstrating that any influx of lactic acid from the cells must have been accompanied by H+ efflux and/or HCO"3 influx via independent routes. In hy perglycemic animals [HCO"3le fell by > 10 J.1mol ml-I. In both groups [HCO"3le was reduced during the first 5 min of recovery. Recovery of pHe was slower in hyper-than in hypoglycemic animals. During ischemia calculated pHi fell to 6.37 ± 0.04 and 5.95 ± 0.06 in hypo-and hyper glycemic animals, respectively. Differences in pHi were maintained for the first 15 min of recovery, but in both hypo-and hyperglycemic animals pHi had normalized after 30 min. It is concluderl that preischemic hypergly cemia leads to a more pronounced intra-and extracellular acidosis than normo-and hypoglycemia, an acidosis that also resolves more slowly during recirculation. Key Words: Acidosis-Hyperglycemia-Ischemia-pH Rats.
tion. Lj unggren et al . (1974) deliberately manipu lated tissue glucose concentrations prior to isch emia and obtained three groups with tissue lactate concentrations of �4, 10, and 20 /-Lmol g -1. Based on measured lactate and CO2 contents and as suming a one-compartment system, the authors calculated tissue CO2 tensions of 65, 130, and 210 mm Hg and ApH values of 0.2, 0. 6, and 1.0 unit, respectively. However, there has been a paucity of direct information on the role played by glucose supply on tissue acid-base changes during isch emia and particularly on the degree of acidosis at tained at varying levels of glucose. Some data exist on changes in intracellular pH (pHi) that relate to the lactic acidosis attained (Anderson and Sundt, 1983) . Quite recently information has accumulated on changes in extracellular pH (pHe) during and fol-lowing ischemia (Siemkowicz and Hansen, 198 1; Kraig et al., 1983 Kraig et al., , 1985 Mutch and Hansen, 1984; von Hanwehr et al., 1986) .
In a preceding article we described a series of ex periments designed to give information on both pHe and pHi during near-complete forebrain ischemia in starved rats (von Hanwehr et al. , 1986) . In the present study we used the same methodology to es timate changes in pHe and pHi in animals that were injected with insulin and maintained either hypo glycemic or hyperglycemic prior to induction of ischemia. The objective of the study was to esti mate to what extent hyperglycemia exaggerates ischemic tissue acidosis and to assess the duration of enhanced extra-and intracellular acidosis during recirculation in hyperglycemic animals.
A preliminary account of some of the present findings has been published (Smith et aI., 1985) .
METHODS

Experimental groups
The present results are based on data derived from three experimental studies, two of which have been de scribed before (Hillered et al., 1985; von Hanwehr et al., 1986) . However, one of these studies (von Hanwehr et al., 1986) was used only to compare pHe changes during ischemia in hypo-, normo-, and hyperglycemic animals (see Fig. 4 ).
The previous material incorporated into the present study is that of Hillered et al. (1985) . In that study we estimated mitochondrial function in vitro and in vivo fol lowing ischemia induced in hypo-and hyperglycemic rats. For the latter purpose brains were frozen in situ (ponten et aI., 1973) and analyzed for labile tissue metab olites at the end of the ischemia (n = 4 hypo-+ 4 hyper glycemic animals), as well as after 5, 15 (n = 6 + 6 in both groups), and 30 (n = 4 + 4) min of recirculation. From these metabolite data we drew conclusions re garding the rate of resumption of mitochondrial metabo lism in the recirculation period.
In the majority of animals included in the in vivo series of Hillered et al. (1985) , the total CO2 content (Tc02) of cortical tissue was analyzed. However, the data were not reported since information was not at hand on variables required to interpret the Tcoz values in terms of pHi changes. The purpose of the groups incorporated in the present material was to provide such information. We therefore carried out additional experiments on hypo and hyperglycemic animals using identical procedures and assembled the following groups:
(a) Five new hypoglycemic control animals were studied to get a proper control material for Tco2 analysis.
(b) Nine animals were added to each of the groups (hypo-and hyperglycemic) studied after 15 min of isch emia without recirculation to allow measurement of P,co2 during ischemia. At the end of the 15 min of isch emia, the brains were frozen in situ to allow measure ment of Tco2 and metabolite content.
(c) Two 60-min recirculation groups were made to ob tain continuous pHe records for the hypoglycemic (n = 6) as well as the hyperglycemic (n = 7) state, covering all the time periods investigated in this study.
Animals and operative techniques
Male Wistar rats of an S.P.F. strain (M�llegaard Breeding Center, Copenhagen, Denmark), weighing � 350 g, were fasted the night preceding the experiment but allowed free access to tap water.
The operative procedures have been described in detail elsewhere (von Hanwehr et al., 1986) . In brief, the an imals were anesthetized with halothane, tracheotomized, immobilized, and artificially ventilated with N20/02 (70:30). Arterial and venous catheters were placed to allow blood sampling, blood pressure recording, and in fusions. The common carotid arteries were encircled by loose ligatures, and craniotomies were made for placing of the Pcoz and/or pH electrodes.
To vary the amount of lactate accumulated during isch emia, 2 IV insulin (Actrapid; Novo Industri A/S, Bas vaerd, Denmark) per kilogram body weight was given in traperitoneally immediately before the start of the opera tion and the plasma glucose levels were then maintained at 4-5 f.1mol ml-1 in the hypoglycemic groups and at 20-25 f.1mol ml-1 in the hyperglycemic groups by means of a slow intravenous infusion of 10 and 25% glucose so lution, respectively. The plasma glucose contents were kept at the desired levels for 30-45 min before and during ischemia. In the high-glucose groups it was thereafter al lowed to fall. Animals with low plasma glucose after ischemia were given an infusion of 25% glucose intrave nously to raise the plasma glucose to normal levels.
Experimental procedures
Induction of ischemia. The model used for producing near-complete forebrain ischemia of well-defined dura tion has been described in other publications from this laboratory (Smith et aI., 1984; von Hanwehr et al., 1986) . Bilateral common carotid clamping plus blood pressure lowering to 50 mm Hg, achieved by a combination of tri methaphan infusion and exsanguination, gives a repro ducible forebrain ischemia, and recirculation, accom plished by release of the carotid clasps and reinfusion of the shed blood, allows rapid resumption of mitochondrial function (see Hillered et al., 1985) .
Measurement of pHe, PIC02, extracellular f7uid sp ace and Tco2. Te chniques for measuring the following param eters have been described in detail in earlier publications: see for pHe measurements Siesjo et al. (1985) , P,co2 von Hanwehr et al. (1986) , extracellular fluid space Pelligrino et al. (1981) , and Tco2 Ponten and Siesj6 (1964) . Only a brief summary will be given here.
For the measurement of pHe' double-barreled liquid ion-exchange pH electrodes were used, having tip diam eters of 2-5 f.1m. For details of the electrode construc tion, see Mutch and Hansen (1984) . The electrode tip was inserted into the exposed cortex to a depth of � 1,000 f.1m. A macro reference electrode (agar-KCn was placed ex tradurally in a parietal craniotomy. Calibration of the electrodes was made in vitro at 37°C in a series of phos phate buffers. This calibration procedure gives accurate measurements of changes in pHe (llpHe). The absolute pHc values given in this publication are based on mea sured IlpHe and an assumed initial value of 7.31 (see Mutch and Hansen, 1984; Siesj6 et al., 1985) . P,co2 during ischemia was recorded with a Pco2 elec trode placed in contact with the dura or, following re- 
( I )
Extracellular space (ECS) was derived from impedance measurements using the four-electrode method of Ranck (1966) as described in a previous publication (Pelligrino et aI., 1981) . It was assumed that normal ECS is 18% of tissue volume (see Levin et a!., 1970) . Since we could find no differences in absolute impedance between hypo and hyperglycemic animals in the preischemic period, the 18% extracellular fluid volume was assumed to be the same in hypo-and hyperglycemia.
Tco2 in the brain was measured on frozen brain samples with a microdiffusion technique (Ponten and Siesjo. 1964) , and another frozen cortical sample was ex tracted with HCI-methanol at -22°C and processed for fluorometric-enzymatic analysis of tissue metabolites .
Calculation ofpHe and pHi' As described in two recent publications from this laboratory (Siesjo et aI., 1985; von Hanwehr et aI., 1986) , we characterize extracellular fluid acid-base changes from measured values for pHe and P,C02, calculating [HCO}le from the Henderson-Hassel balch equation. For calculation of pHi we require infor mation on the Tco2, P,co2, extracellular fluid volume, and [HCO}]e' Thus, pHi values were <:: alculated according to the equation (see Siesjo et a!., 1972) [HCO}li
where 6.12 is the pK; of H2C03• 0.0314 is the solubility (fLmol ml-l mm Hg-l ) of CO2 in intracellular fluid, and fHCO} ]; is derived from the equation
In this equation 0.0292 is the solubility of CO2 in brain tissue and VECF, VBl• and Vi are the volumes of extracel lular fluid, blood, and intracellular fluid, respectively. We calculated [HCO}Je from the values of pHe and Ptco2 using the Henderson-Hasselbalch equation and a pK l ' of 6.12.
Statistics. The statistical significance of differences be tween groups was tested using analysis of variance fol lowed by Dunnett's test for differences between control and experimental groups or Newman-Keul's test for dif ferences between groups. Differences with a p value <0.01 were considered to be statistically significant.
RESULTS
In discussing the results of this study, we will de scribe separately those results that were obtained by direct measurements, those that were calculated on assumptions whose validity seems unquestion able, and those calculated on assumptions that are more debatable. Since we extended the groups de scribed by Hillered et al. (1985) , physiological vari ables and tissue lactate contents will be given for the complete final material. Physiological variables and plasma glucose concentrations Physiological variables before and following isch emia are given in Ta ble 1. In summary preischemic body temperature was close to 37°C, mean blood pressure close to 140 mm Hg, Paco2 �35 mm Hg, Pao2 just above 100 mm Hg, and pH close to 7. 35. During recirculation blood pressure was quickly re stored. Pco2, Po2, and pH remained close to con trol except for a moderate reduction in pH after 5 min of recirculation in the hyperglycemic animals (7.28 ± 0.03 compared with 7. 33 ± 0. 02 in the hy poglycemic animals, n = 6 in each). In all other respects physiological variables were similar in hypo-and hyperglycemic animals. In the former preischemic plasma glucose concentrations were 4. 6 ± 0. 1 f.Lmol g-l and in the latter 21.7 ± 0.4 f.Lmol g-1•
Labile tissue metabolites
Changes in cerebral cortical metabolites during ischemia, as well as after 5, 15, and 30 min of recir culation, were reported in a previous communica tion (Hillered et a\. , 1985) . In the present study ad ditional animals were studied after 15 min of isch emia, and yet another recovery group was included (60 min). In five control animals maintained hypo glycemic until brain freezing, cerebral cortical glu cose concentrations were 0.62 ± 0. 13 (range 0.24 ± 0.99) f.Lmol g-l and glycogen concentration was 2.39 ± 0. 13 f.Lmol g-l. Changes in labile phos phates and in carbohydrate substrates during isch emia and recirculation were as reported in the pre-vious communication. Figure 1 shows tissue lactate concentrations during and following ischemia. In the moderately hypoglycemic animals (plasma glu cose 4-5 f.Lmol ml-1), lactate concentrations showed relatively little scatter, the value being 10.26 ± 0.32 f.Lmol g-l (mean ± SEM, n = 13). After 5 min of recirculation, the values remained elevated but then declined to reach normal values after 30 min. In the hyperglycemic animals tissue lactate content during ischemia rose to 21. 26 ± 0.89 f.Lmol g-l (n = 14), i.e., twice as high as in the hypoglycemic animals. There was a relatively large scatter. Normalization occurred gradually during the 60-min period of recirculation, normal values being encountered after 60 min.
Ptco2, Tco2, and [HC031 Table 2 gives variables that were either directly measured or calculated on assumptions whose ac curacy has little influence on the conclusions drawn. PtCOZ was measured in nine hypoglycemic and nine hyperglycemic animals. Preischemic values were usually 5-10 mm Hg higher than those expected from the relationship depicted by Eq. I. We assume that this is because the relatively large craniotomy in the small rat skull somewhat disturbs microcirculation (see Discussion). In two animals the difference between measured and expected PtCOZ exceeded 20 mm Hg. These were excluded from the calculations. Figure 2 , comprising repre sentative records, illustrates the difference in PtCOZ attained in hypo-and hyperglycemic animals, and also that a plateau level was achieved before the end of the 15-min period of ischemia. Since Ptco2 did not differ between animals with an intact or in cised dura, the values were pooled. In hypo-and hyperglycemic animals, PtCOZ increased from values of 51 ± 2 to 146 ± to and from 53 ± 1 to 192 ± to mm Hg, respectively. These mean values were used for calculations in animals in which PtCOZ was not measured, i.e., those obtained from our previous study (Hillered et aI., 1985) . As stated under Methods we calculated PtCOZ for the re-J Cereb Blood Flow Metab, Vol. 6, No. 5, 1986 covery groups from Paco2, based on measured arte riovenous differences in Pcoz in normoglycemic animals (see Discussion). Table 2 also gives the T eo2 values and the HC03' content calculated by subtracting Pcoz . S as described in Methods. In the present insulin-injected animals, T co2 in con trol animals was somewhat higher than in previous studies. In hypoglycemic animals T co2 was either normal or only moderately reduced after 15 min of ischemia, demonstrating that little CO2 left the tissue via the remaining perfusion. In the hypergly cemic animals loss of CO2 was unequivocal. How ever, since a large part of the CO2 remaining was physically dissolved, the reduction in [HC03' lt was even more pronounced. Recirculation initially led to a marked decrease in T eo2 in both hypo-and hy perglycemic animals (see Table 2 ). Most of this was loss of dissolved CO2 when Ptco2 fell, and the de creases in [HC03']t were moderate. From 5 min on ward, the T co2 as well as the lHC03']t increased.
Extracellular acid -base changes
Our previous results, obtained in standard starved animals (von Hanwehr et al., 1986) , showed that ischemia caused pHe to fall by a mean of 0.68 unit, with a relatively marked scatter. In the present study pHe was measured continuously during 15 min of ischemia and during 60 min of re circulation (six hypo-and seven hyperglycemic an imals). Representative pHe records from the two groups are shown in Fig. 3 . Results obtained during ischemia gave three main results. First, �pH during ischemia differed considerably between hypo-and hyperglycemic animals (Fig. 4) . Second, the inter animal variability was surprisingly small. In the hy poglycemic group �pHe measured at 15 min of isch emia varied between 0.50 and 0.65 unit (mean 0. 59 unit). In the hyperglycemic group one of seven values was aberrant (0.79), obtained in an animal with a relatively low plasma glucose concentration (18.6 !-Lmol ml-1). This animal was excluded from the data of Fig. 4 . In the remainder �pH varied be tween 1.00 and 1.25 units (mean 1.07 units). The plateau functions obtained in hypo-and hypergly cemic animals and the absolute �pHe values re corded corroborate results published by Kraig et al. (1985 Kraig et al. ( , 1986 . Third, the difference in pHe be-10 min tween hypo-and hyperglycemic animals was upheld for at least the first 30 min of recirculation. This is demonstrated in Fig. 5 , which gives data calculated as absolute pH values on the assumption that the starting pHe was 7.3 1. Figure 5 also illustrates the changes in [HC0"3]e during ischemia and recovery. We recall that the calculation of [HC0"3]e requires information on pHe and PtC02' To allow this calculation we utilized the finding of a very small variability of pHe in normo and hyperglycemic groups. Accordingly we could use the mean �pHe for either group and combine it with the Ptco2 obtained in the animals described in Ta ble 2 to get [HC0"3]e (see Discussion). The results demonstrate that [HC0"3]e was hardly reduced at all during ischemia in hypoglycemic animals, but markedly decreased in hyperglycemic ones. Fur- Derivation of pHi For deriving pHi several assumptions had to be made, some of which introduce uncertainties in the values derived. We went about it the following way, First, we used as the basic material that for which we knew the PtCOZ and Tcoz and thereby the HC0'3 content (see Table 2 ). Second, for each hypogly cemic animal in that group, we assumed a LlpHe of 0. 5 unit, and for each hyperglycemic animal a LlpHe value of 1. 1 units. This way, we could derive [HC0'3]e' Third, our previous measurements of tissue impedance showed similar values in hypo-, normo-, and hyperglycemic animals (von Hanwehr et aI., 1986) . We therefore assumed that all animals had a reduction of Ve from 0. 18 to 0, 10 during isch emia, the corresponding values for recirculation pe riods of 5, 15, 30, and 60 min being 0. 12,0. 17, 0. 19, and 0. 19, respectively.
On these assumptions we could calculate the fol lowing lHC0'3]i values for 15 min of ischemia and for 5, 15, 30, and 60 min of recirculation: hypogly cemia-8. 18 ± 0.59, 7. 85 ± l. 14, 8. 02 ± 0.82, 14.97 ± 0.43, and 11.80 ± 0.57 fLmol g-l of intra cellular water, respectively; hyperglycemia-4.25 ± 0,50, 3.50 ± 0. 53, 5.46 ± 0. 57, 14.72 ± l.35, and 14.81 ± 0.72 fLmol g-l, respectively. The cor responding pHi values are given in Fig. 6 . During ischemia pHi fell from values close to 7. 10 to 6. 36 and 5.95 in hypo-and hyperglycemic animals, re spectively. Owing to the reduction in PtCOZ after 5 min of recirculation, pHi rapidly increased. The differences between hyper-and hypoglycemic rats persisted for the first 15 min of recirculation.
DISCUSSION
The present results unequivocally demonstrate that the enhanced lactic acidosis encountered in animals with preischemic hyperglycemia also re duced both the pHe and pHi in the brain. This is shown by the differences in pHe between the groups and the larger reduction in Tcoz (and [HC0'3]t) in the hyperglycemic animals. The data also demonstrate that the more pronounced aci dosis in the hyperglycemic animals persisted for at least 15 min during recirculation. What remain to be discussed are how large the changes in pHi are and what compartments the measured values per tain to.
We wish to emphasize that the pHi values ob tained in this study are indirectly derived, and that they are based on the simplifying assumption that the extravascular tissues of the brain can be re garded as a two ischemia, circumstantial evidence exists that intra cellular compartments (glial cells versus neurons?) differ in their response to anaerobiosis (Kraig et aI., 1985 (Kraig et aI., , 1986 ). Since we have no means of evaluating whether or not this applies to incomplete ischemia as well, we must resort to the assumption of a single intracellular compartment. Before discussing the main results, we recall that measurements of all variables required to calculate pH; were not performed in each animal. The reason for not doing this is that the techniques for mea suring pHe' PtC02, and impedance are exacting; fur thermore, they carry the risk of inducing some tissue damage, especially when used in combina tion. In the majority of the animals studied after 15 min of ischemia, both Ptco2 and Tco2 were mea sured together with labile tissue metabolites. Since LlpHe varied but little between animals in the hypo and hyperglycemic groups, we subtracted the mean LlpHe for the group from the assumed normal value of 7. 3 1 for calculating pH;. Furthermore, since im pedance changes showed relatively little scatter and similar values in hypo-and hyperglycemia, we applied a standard value of extracellular fluid volume for each group based on the values pre viously reported. Finally, in the recovery period Ptco2 was calculated from Paco2, and not mea sured. We deemed this advisable since Ptco2 values obtained were somewhat higher than predicted from diffusion theory or measurements in cats (Ponten and Siesj6, 1966) . Probably the most crit ical variable in the calculations is the Ptco2. When using the relatively large Ptco2 electrode for the rat brain, the control Ptco2 values measured to some extent exceeded the predicted or measured in cats (Ponten and Siesj6, 1966) . Possibly this is due to moderate tissue trauma with loss of vascular auto regulation; then pressure by the electrode could cause some vascular stasis and increase in Pco2 (see Ponten and Siesj6, 1966) . We submit that any error in Ptco2 of the order of 5-10 mm Hg should not critically influence calculation of [HC0"3]v The question arises, though: How will it influence the calculation of pHe and pH; in hypo-and hypergly cemic animals? To test this we assume that Ptco2 during ischemia was 10 mm Hg higher or lower than measured, and derived lHC0"3]e, [HC0"3];, and pHj. The results showed the following. First, in the hy poglycemic group [HCO")]e would change from 20.00 to 18.63 /-Lmol g-l with a lower Ptco2 or to 21.37 /-Lmol g-l with a higher one. [HCO")]; would change from 8. 18 to 8. 83 or 7.53 /-Lmol g-l, and pH; from 6. 37 to 6.44 or 6.30. Second, the comparable values for the hyperglycemic group were [HC0"3]e from 8. 14 to 7.72 or 8.57 /-Lmol g-l, [HCO")]; from 4.25 to 4.75 or 3.75 /-Lmol g-l, and pH; from 5. 95 to 6. 03 or 5.86.
During recovery it seems very unlikely that any error in the Pco2 estimated should be larger than ± 5 mm Hg. Accordingly we calculated pH; values on the assumption that Pco2 was 5 mm Hg higher or lower than assumed. The results showed that in the hypoglycemic group pHj at 5 min of recircula tion would change from 6. 88 to 6.96 with a lower Ptco2 or to 6. 80 with a higher one, at 15 min of re covery from 6.96 to 7. 07 or 6.86, at 30 min from 7. 16 to 7.25 or 7.09, and at 60 min from 7. 10 to 7. 19 or 7.01.
Corresponding values for the hyperglycemic group were calculated to be as follow: at 5 min from 6. 54 to 6. 64 with a lower Ptco2 or to 6. 45 with a higher one, at 15 min from 6.77 to 6.88 or 6.67, at 30 min from 7. 17 to 7.24 or 7.09, and at 60 min from 7.20 to 7.28 or 7. 12.
Effects of lactic acid production in open and closed systems
During ischemia lactic acid will be formed in the intracellular fluids, titrating the nonbicarbonate and the bicarbonate buffer systems.l In a system ex changing CO2 but not H + IHC0"3 with blood, we can predict how pH will change with the lactic acid ac cumulated (see Ljunggren et al. , 1974; Siesj6, 1985) . Assume that the total concentration of non-I Formally. H + production during anaerobic glycolysis is as sociated with AT P hydrolysis rather than with the formation of lactate (see Hochachka and Mommsen, 1983) . However, since the end result is the same, i.e., the release of 2 H+ and 2 lac tate-per glucosyl unit metabolized, we will use the conven tional term "lactic acid formation." bicarbonate buffers in a CO2-containing system at pH 7.0 is 40 JJ-mol ml-1, with five buffer acids of equal concentration having pKHa values of 7.6, 7. 3, 7.0, 6.7, and 6.4. Using a series of equations quanti tatively describing the acid-base events in such a system (Siesj 6, 1973 (Siesj 6, , 1985 Stewart, 198 1) , we can calculate that addition of 10 and 20 JJ-mol ml-1 of lactic acid decreases pH by 0. 26 and 0.66 unit, re spectively.
The changes would be different in a closed system, such as that created by complete ischemia. Then CO2 cannot escape and Peo2 must rise. For calculating expected changes in Peo2 and pH, we can use the same system, with one additional fea ture: the Teo2 remains constant (Ljunggren et aI., 1974) . Under these conditions addition of 10 and 20 JJ-mol ml-1 of lactic acid would be expected to raise Peo2 from 45 to 105 and 215 mm Hg, respectively, and to reduce pH by 0.45 and 0. 97 unit, respec tively.
In vivo conditions introduce at least two compli cations. First, if the ischemia is less than complete, some CO2 is lost, diffusing along the steep Peo2 gradient between tissue and blood. Second, the acid-base changes in extracellular fluid must be taken into account. To avoid the first complication, we can allow the Teo2 to vary, as it does in vivo under the conditions of incomplete ischemia. To take the second complication into account, we must attempt to describe quantitatively acid-base changes in extracellular fluid and their influence on the system as a whole.
Extracellular acid-base changes
Extra-and intracellular fluids exchange H + andl or HC0"3 in three ways: (a) by diffusion of lactic acid from intra-to extracellular fluid ("nonionic diffusion"), (b) by Na+/H+ exchange, and (c) by Cl-IHC0"3 exchange. Under most circumstances the first two of these ways cause extracellular fluid acidification and the third causes alkalinization. Since extracellular fluid HC0"3 concentration is equal to the buffer base concentration (or to the strong ion difference) (see Siesjo, 1973 Siesjo, , 1985 Stewart, 198 1) , if follows that for each mole of lactic acid entering, or for each mole of H + translo cated into the extracellular fluid, its HC0"3 concen tration decreases by 1 JJ-mol ml-1• Conversely for each mole of HC0"3 entering the extracellular fluid from cells (via Cl-IHC0"3 exchange), the extracel lular fluid HC0"3 concentration increases by 1 JJ-mol ml-1• As shown above (see Fig. 5 ) [HC0"3]e in the hy poglycemic animals was not decreased during isch emia, while it was markedly reduced in the hyper-J Cereb Blood Flow Metab, Vol. 6, No.5, 1986 glycemic ones. In addition, although pHe increased continuously in the recovery phase [HC0"3]e was reduced in both groups during the first 5 min, an increase being seen first after 15 min of recircula tion. It seems unlikely that HC0"3 is lost from ex tracellular fluid to blood during the first 5 min of recovery. Thus, H + must then leave intracellular fluids, e. g. , via Na+/H+ exchange. Alternatively HC0"3 could enter cells from extracellular fluid via Cl-IHC0"3 exchange.
Lactic acid formed during ischemia would be ex pected to diffuse from intra-to extracellular fluids, reducing [HC0"3]e (see Roos and Boron, 198 1) . In hypoglycemic animals tissue lactate concentrations increased by 10 JJ-mol g -1 of tissue water, yet [HC0"3]e did not change. Although the rate of lactic acid diffusion is not known, it seems likely that the acidifying effect of lactic acid diffusion was coun teracted by HC0"3 entry from cells to extracellular fluid, e. g. , via Cl-IHC0"3 exchange. This situation is thus formally analogous to one in which the lactic acid formed (10 JJ-mol g-l of tissue water) is con fined to the intracellular fluid. In the hyperglycemic animals [HC0"3]e was reduced by 12 JJ-mol ml-1, demonstrating that part of the H+ load accompa nying intracellular lactic acid formation was distrib uted in the extracellular fluid.
Intracellular acid-base changes
The present results and those reported pre viously (von Hanwehr et aI., 1986) demonstrate that the reduction of pHi during ischemia is directly proportional to the amount of lactate accumulated. The results also show that the exaggerated acidosis associated with hyperglycemia persists for at least the first 15 min of recirculation. Since pHe is af fected similarly, enhanced acidosis is common to intra-and extracellular compartments.
In the previous study performed on standard starved animals, accumulation of lactic acid to a concentration of 14.7 JJ-mol g-l was associated with a fall of calculated pHi to 6. 15. In the present study ischemic lactate concentrations of 10 and 20 JJ-mol g-l correlated to pHi values of 6.36 and 5.95, re spectively. In as yet unpublished experiments (F. Boris-Moller, E. Martins, and B. K. Siesj6), we have found that if preischemic blood glucose con centrations are further reduced and tissue lactate content is lower, calculated pHi values are clearly increased above 6.36. The combined results suggest that pHi decreases continuously with the amount of lactic acid accumulated. This is in contrast to pHe' which shows two distinct plateaus when tissue lac tate is raised stepwise by hyperglycemia (Kraig et aI., 1985 (Kraig et aI., , 1986 present study) . Clearly if the aggra-vation of ischemic brain damage by hyperglycemia occurs as a step function above a certain tissue lac tate concentration [for discussion see Siesj6 (1981) and Plum (1983) ], this would correlate better to changes in pHe than in pHi' However, it remains to be shown whether a step function or a continuum best describes the aggravation observed.
